We have used a scanning superconducting quantum interference device microscope to image individual vortices near lithographically patterned surface steps in weak-pinning superconducting thin films of amorphous MoGe. The field-cooled vortex distributions are strongly influenced by the surface steps, with an enhanced vortex density along the thin side of the steps and a wide vortex-free region along the thick side of the steps. The surface steps induce orientational order that persists for many intervortex spacings away from the steps. We study the effects of surface step pinning for different magnetic-field strengths and step heights by analyzing the intervortex spacing and computing vortex correlation functions. For certain sample configurations, we are able to apply a Lorentz force to the vortices and observe an asymmetric vortex response near the surface steps. We discuss the interaction between a vortex and a surface step and consider possible mechanisms for generating the vortex distributions which we observe upon field cooling. Vortices experience a wide variety of interaction potentials in type-II superconductors. Various sources of vortex pinning can lead to enhanced critical current densities for high current applications 1 and reduced flux noise in thin-film superconducting devices.
Vortices experience a wide variety of interaction potentials in type-II superconductors. Various sources of vortex pinning can lead to enhanced critical current densities for high current applications 1 and reduced flux noise in thin-film superconducting devices. 2 At low magnetic fields, surface steps and thickness variations in thin films can provide a substantial vortex pinning potential. The effects of surface step pinning can be observed best by imaging individual vortices near regions of controlled thickness variations in thin superconducting films. An understanding of vortex interactions with surface steps could lead to increased pinning in thin-film superconducting devices, thus improving performance. The use of lithographically patterned surface steps to control vortex distributions could be useful for studies of weak-pinning vortex channels 3 and in the realization of vortex ratchets. 4 At the mesoscopic level, vortex motion controlled by surface steps could make possible observations of quantum interference effects. 5 A surface step can affect the vortex distribution and dynamics in several ways. The change in sample thickness across the step leads to a variation in the vortex line energy as determined by the line tension, ⑀ L Ϸ(⌽ 0 /4) 2 ln . This energy can be quite large, on the order of 100-1000 K nm of step height. In addition to the line energy change, the thickness variation near a step in a thin film can distort the distribution of vortex screening currents. In a superconducting film which is much thicker than the penetration depth, vortices oriented along the thin axis of the film can tilt to accommodate features such as surface steps. However, the samples presented in this paper were all fabricated from films which were thinner than the penetration depth, thus the vortices behave essentially as two-dimensional ͑2D͒ objects. Some of the first experimental studies of vortex interactions with steps involved transport measurements of superconducting films with periodic thickness variations. 6, 7 More recently, direct magnetic imaging investigations of vortices in superconductors with surface steps have shown the influence of steps on the vortex distributions and dynamics. [8] [9] [10] [11] [12] [13] [14] Various magnetic imaging techniques are available for studying these distributions, including Bitter decoration, 15 Lorentz microscopy, 11 scanning Hall-probe microscopy, 16 magnetic force microscopy, 17 and magneto-optical imaging. 18 For low magnetic fields, scanning superconducting quantum interference device ͑SQUID͒ microscopy ͑SSM͒ provides the best resolution of individual vortices. 19, 20 We have observed substantial distortions of field-cooled vortex distributions in thin amorphous MoGe superconducting films with macroscopic etched surface trenches imaged with a SSM. Our SSM allows direct observation of the spatial distribution of vortices in the sample as a function of the cooling field strength for Bр100 mG. In the uniform region of the film far away from any trenches, as well as in samples with no trenches, we find a disordered vortex distribution with the average vortex density B/⌽ 0 expected for cooling in a uniform magnetic-flux density, B, where we assume B ϭH a over most of the square during the cooling process, appropriate for this platelet geometry in a perpendicular field. However, inside the trench regions, we find that the average density of vortices is up to 50% higher than the density in the thick part of the sample. For a given value of B, the average vortex density in the trench is independent of the depth of the trench, at least for trench depths ranging from 25 nm to 125 nm on a 200-nm-thick film. The vortices in a trench are not evenly distributed, but rather form rows of enhanced vortex density along the thin side of the surface steps at the edges of the trench. In addition, we observe a vortex-free band in the thick region adjacent to the step before the vortex distribution recovers a uniform intervortex spacing further away from the trench. The trench edges induce orientational order in the vortex distributions both inside and outside the trench that persists for several lattice spacings.
Our SSM scans a 10-m-diameter Nb pickup loop a few microns above the sample surface. The flux which penetrates the pickup loop is coupled into a remote dc SQUID through a superconducting flux transformer. The SQUID is a custom Nb-trilayer device which we fabricate in our cleanroom facilities. An image is produced by raster scanning the pickup loop and SQUID over the sample surface at the end of a pivoted scan arm driven by room-temperature stepper motors. The SQUID and pickup loop assembly is attached to the scan arm with a flexible hinge that maintains it at a shallow angle with the sample while the tip of the pickup loop substrate is in contact with the sample surface. This allows the pickup loop to track the sample surface during scanning, maintaining a separation of a few microns, thus providing good spatial resolution. While the contact force between the tip and the sample is relatively weak, we find it advantageous to coat the sample with a protective insulation layer to prevent damage to the sample surface. We typically coat our samples with about 0.5 m of sputtered SiO 2 and 0.1 m of Al 2 O 3 . The entire SQUID assembly and sample are enclosed in a vacuum can which is immersed in a helium bath. The sample can be heated above the bath temperature with a noninductively wound heater. The bath is surrounded by a double-walled -metal shield which reduces the residual magnetic-flux density to less than 1 mG. This value was determined by cooling a superconducting film, then counting the number of vortices which are trapped in the film over a given area due to any residual field. A Helmholtz coil surrounding the sample allows for the application of small magnetic fields. For the images shown here, the applied magnetic field was held constant during the imaging. The size of the pickup loop determines the spatial resolution of the imaging. We are unable to resolve neighboring vortices if the spacing approaches the pickup loop diameter, 10 m, thus we have primarily imaged these samples in small fields, below 100 mOe.
In weak-pinning superconductors, we have observed an interaction between the raster scanning and the vortices in the sample. This interaction causes shifts in the positions of vortices in the images, so that two repeated scans over the same area of a weak-pinning sample will yield different distributions of vortices. We have not observed these disturbances in previous images of stronger-pinning Nb films, placing a rough upper bound on the strength of the perturbing interaction. By studying the shifts of the vortex positions, we have determined that the interaction is localized to within a few microns of the contact point between the tip and the sample surface. The pickup loop is roughly 50 m from this contact point. If we reverse the scan direction, such that the pickup loop images a vortex before it is passed over by the tip, then we obtain well-ordered vortex images, although a second scan over this same region would show significant shifts in the vortex positions. The reverse scan images obtained initially after field cooling appear to be unaffected by the interaction of the scanning tip with the vortices roughly 50 m away from the image location, as no anisotropy related to the raster scan direction is observed in the orientational order of the resulting vortex distributions. The interaction between the vortices and the scanning tip, and possible applications of the controlled moving of vortices, will be discussed further in a future paper. All images in this paper were obtained with the reverse scan direction. This limits our imaging to a single pass over a particular region, following which the sample must be heated above T c and then recooled in order to restore the intrinsic vortex order. Images upon recooling a given region in the same magnetic field yielded qualitatively similar vortex distributions.
The pinning properties of transition-metal glasses have been studied thoroughly, 21 and the weak bulk pinning ensures that the surface steps play a dominant role in the vortex potential landscape. Thin films of 200-nm-thick amorphous MoGe were sputter deposited onto Si substrates. The films had the following properties: T c ϭ6.5 K, n ϭ1.8 ⍀ m, and SϭdB c2 /dT͉ T c ϭϪ2.8 T/K. Because of the short electronic mean free path in these films, the dirty-limit expressions can be applied, yielding (0)ϭ550 nm, (0) ϭ4.2 nm, and ϭ80. The penetration depth at 4.2 K, where the images presented here were obtained, is about 670 nm, as measured with a two-coil screening technique. The films were patterned into a series of 2-mm-wide squares with standard photolithography and Ar-ion milling. Figure 1 contains a ͑508 m) 2 image of the vortex distribution near the edge of one of these squares, cooled in 30 mOe. Even at this small magnetic field, the vortex pattern exhibits many regions of sixfold orientational order, although there is no long-range order. Except near the edge, the vortex density corresponds to BϷ30 mG, confirming that BϭH a for most of the sample, as expected for this geometry. There are no vortices within approximately one vortex spacing of the sample edge, as the screening currents are at a maximum here.
Surface trenches were generated by partially ion milling the squares in the pattern shown in Fig. 2͑a͒ . Each square contains only one depth of trench, which is in the range of 11 nm to 125 nm. A typical sample consists of four squares, spaced by several hundred microns, with a different trench depth in each square so that the sample as a whole covers the range of trench depths. The thickness variation near a trench is shown schematically in the cross section of Fig. 2͑b͒ . The typical field-cooled vortex distribution in the vicinity of a surface trench is shown in Fig. 3 . The trench runs vertically in the center of the image, following the octagonal path. The average vortex density in the trench is higher than in the thick regions away from the trench, with excess vortices concentrated into two rows along the inside edges of each trench. Although the trench edges are not visible directly in the images, the separation of these two vortex rows is always several microns less than the trench width, confirming that the vortices are indeed pinned at the thin inside edge of the steps. In the thick region of the sample, there is a vortex-free region adjacent to each of the steps with a width on the order of the intervortex spacing. Beyond this vortex-free area, the vortices tend to form rows which are parallel to the trenches, indicating a long-range influence of the step pinning. Qualitatively similar vortex distributions around surface steps in other superconducting samples were observed with various magnetic imaging techniques, including Bitter decoration 8, 10, 13 and Lorentz microscopy.
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In order to quantify the influence of the surface steps on the vortex distributions, we have studied the effects of varying the magnetic-field strength and the surface step height with images around select locations of the a-MoGe squares. The vortex distribution in the vicinity of the trench can be described by four quantities: the width of the vortex-free region adjacent to the step, the vortex spacing in the highdensity region along the surface steps, the average vortex density in the trench, and the vortex density in the thick region away from the trench. In addition, several image analysis techniques can be used to study the ordering of the vortex distributions around the trenches. Figure 4 contains four images obtained around the same region of the middle trench for the a-MoGe squares with 25-nm and 125-nm-deep trenches for two different cooling field strengths. As the sample is cooled in larger magnetic fields, both the vortex density along the steps and the overall vortex density increase. The width of the vortex-free region adjacent to the thick side of the steps decreases for larger fields. The vortices in the sample with the 125-nm-deep trench appear to be more strongly aligned with the steps and a larger fraction of the vortices in the trench are pinned at the step than those in the 25-nm-deep trench sample.
The width of the vortex-free regions in the thick portion of the square adjacent to the step can be estimated by measuring the distance between the high-density vortex row inside the trench and the vortices adjacent to the vortex-free region. In order to account for irregularities in the edge of the vortex-free region, this distance was measured at several different locations for each step, and the values were averaged. If the square contained a uniform triangular vortex lattice only, then the spacing between the row of vortices along the low side of the step and the first row of vortices parallel to the step on the thick side should be b 0 ϭ(ͱ3/2)a 0 , where a 0 ϭ1.075ͱ⌽ 0 /B for a triangular lattice. Thus, we plot the widths of the vortex-free regions vs B Ϫ1/2 in Fig. 5͑a͒ for the four different trench depths. The data generally fall along a straight line which is about 20% steeper than the field dependence of the vortex row spacing in a uniform triangular lattice. Plotting the slopes of these linear fits for each step in The vortex spacing in the high-density row along the low side of the surface step can be obtained directly from the image by counting the number of vortices in the row along a given length. We compare this measured vortex spacing, L, with the intervortex spacing expected for a uniform vortex lattice at the same field, a 0 , by plotting (1/LϪ1/a 0 )/(1/a 0 ), the fractional enhancement of the vortex line density, as a function of the trench depth in Fig. 6 . This graph shows that the vortex density along the steps is enhanced when compared with the uniform lattice with a compression which is larger for deeper trenches.
The average vortex density inside the trench can be determined by counting the number of vortices between the vortex-free regions along each step and dividing by the trench area in the image. The vortex density obtained in this manner is significantly higher than the density expected for a uniform vortex lattice with the corresponding value of vortex density, nϭB/⌽ 0 , and is essentially independent of the step height. This behavior can be seen in Fig. 7 , where the average vortex density in the trench for the different step heights is plotted against the cooling flux density, B. For a given value of B, the data for the different step heights vary by no more than 3%. The plot also contains a straight line indicating the expected number of vortices for a uniform lattice in the trench, given by B/⌽ 0 . The total number of vortices in the trench is up to 60% larger than that expected for a uniform lattice. This enhancement is due predominantly to the high-density vortex rows, although the vortex density between the rows is also about 10%-15% higher than B/⌽ 0 . The excess vortex density in between the rows is somewhat larger in shallower trenches, but this is offset by the greater compression of vortices in the high-density rows along the steps in the deeper trenches, shown in Fig. 6 . Thus the total vortex density enhancement in the trenches is independent of the trench depth, as can be seen in Fig. 7 . In contrast, the vortex density in the thick region of the square, away from the trenches, is not significantly altered. It can be estimated by counting the number of vortices in a given area directly. This average vortex density away from the trenches is also plotted in Fig. 7 for several of the different a-MoGe square samples presented in previous images, and the data fall within 5% of the uniform vortex lattice dependence, indicated by the dashed straight line.
A standard approach used to characterize ordering in vortex lattice images is the Delaunay triangulation technique. In this procedure, each vortex site is connected to its nearest neighbors via bonds. To each lattice site, we can then assign a coordination number, n i , equal to the number of nearestneighbor bonds. The sites with coordination numbers other than six, characteristic of an Abrikosov triangular vortex lattice, are marked in the images to identify the location of defects in the lattice. Figures 8͑a͒-8͑c͒ contain these triangulations for images of two samples with trenches and one with no trenches. Dislocation pairs of adjacent fivefold and sevenfold coordinated sites tend to form along the steps of the trenches due to the abrupt jump in vortex density across the step. Thus these defects along the steps are caused by the presence of the steps and are not necessarily related to intervortex interactions.
We can quantify the alignment of the vortex lattice induced by the trench edges in several ways. One approach is to calculate the vortex density autocorrelation function
where (r ជ ) is the vortex density and the average is over the entire vortex distribution. This quantity gives the probability of finding another vortex at position r ជ relative to any vortex lattice point. It can be calculated from a vortex image by identifying the position of each vortex, from which the vortex density function can be defined
The 2D Fourier transform of the density
is used to generate the vortex lattice structure factor,
where N V is the number of vortices in the image. The autocorrelation function is the inverse Fourier transform of the structure factor
where ϭN V /A is the average vortex density over the image area A which contains vortices. Thus G(r ជ ) gives the probability of finding a second vortex at a given displacement r ជ from any point in the 2D vortex distribution. For a perfect triangular lattice, G(r ជ ) is itself a triangular lattice, whereas a random vortex distribution produces no structure in G(r ជ ).
Figures 8͑d͒-8͑f͒ show this quantity calculated for two images in samples with trenches with different orientations and one image of a sample with no trenches. There is little structure in G(r ជ ) for the uniform sample ͓Fig. 8͑d͔͒, while G(r ជ ) for the samples with trenches cooled in similar fields shows lines which indicate the alignment of vortices in rows parallel to the trench edges. The sample edge which is present in Fig. 8͑c͒ does not influence the autocorrelation function, Fig.  8͑f͒ , as strongly as the trench. Autocorrelation functions calculated from images containing an edge of samples without trenches showed only weak structure related to the ordering relative to the sample edge. For samples containing trenches, the alignment along the trench orientation has a long range correlation of several vortex spacings along the direction parallel to the trenches. This is quite remarkable because at such low fields, the vortices are in a single vortex pinning regime where the intervortex interaction decays exponentially, thus closest neighbors interact only weakly. However, in the presence of surface steps there is a screening current flowing parallel to the trenches and this screening current interacts with the vortices to align them parallel to the trenches. Another technique for characterizing the vortex distribution is to study the orientational order. Using the Delaunay triangulations, for each vortex i, we can assign each connecting bond r ជ i j an angle i j measured relative to a fixed axis. From these, we define the orientational order parameter for each lattice site
where the sum is taken over all n i nearest-neighbor bonds of the point r i ជ . A measure of the bond-orientational order of the lattice, based on this quantity, is the orientational correlation function, defined as when r corresponds to a multiple of the lattice spacing. If the vortex distribution is amorphous, then C 6 (r) will decay exponentially, while if the vortex lattice has hexatic order only, it is expected that there is a power-law decay of C 6 (r). 22, 23 Figure 9͑a͒ shows C 6 (r) with r scaled by the average intervortex distance for the 25-nm-deep trench sample along with a power-law fit of the peak positions. The peak decays for this trenched sample and samples with three other trench depths are plotted on a log scale in Fig. 9͑b͒ , showing the power-law decays. For comparison, the peak decay for a sample without trenches is plotted, showing an exponential falloff. At small r, the magnitude of C 6 (r) for the samples with trenches is lower than that for the sample without trenches because C 6 (r) is calculated over the entire image, thus averaging over many defects which occur along the steps. The slopes of the plots of log 10 ͓C 6 (r)͔ vs intervortex spacing give the decay exponents which are plotted in Fig.  9͑c͒ , showing that for increasing step height, the decay exponent decreases. Thus the images of samples with trenches show more long-range orientational order than samples without trenches cooled in similar fields. Deeper trenches result in stronger orientational correlations.
In addition to observing field-cooled vortex patterns around surface trenches, we have imaged samples with a strip geometry, allowing us to drive transport currents through the vortex distribution. The strips were patterned with the same procedure used to produce the square samples described earlier. In the weak-pinning a-MoGe strips, small transport currents easily shift the vortex distribution across the strip width. Figure 10͑a͒ contains an image of the fieldcooled distribution in a 150-m-wide a-MoGe strip with no surface step and no transport current. In Fig. 10͑b͒ , the transport current was increased to ϩ0.35 mA ( jϷ2 ϫ10 3 A/cm 2 ), with a corresponding Lorentz force towards the top of the image. The vortices are observed to shift towards the top of the image, and the self-field of the transport current can be seen as a brighter contrast of the bottom edge of the strip relative to the top edge. Figure 10͑c͒ shows the shift of the vortex distribution towards the bottom edge of the strip for the opposite polarity of transport current.
The addition of a surface step to the strip makes the vortex response asymmetric. Figure 10͑d͒ shows the field- FIG. 9 . ͑a͒ Plot of the orientational correlation functions as a function of average intervortex distance calculated from images of the sample with 25-nm-deep trenches, cooled in 27 mOe. The curve is a power-law fit. ͑b͒ Plots of peak heights of C 6 (r) for the four different trench depths, all cooled in 27 mOe, plotted on a log scale. The straight lines indicate power-law decay fits which are less steep for deeper trenches. Also shown is the exponential decay fit to the peak heights for a sample with no trenches cooled in 32 mOe. ͑c͒ Plot of decay exponents from the power-law fits versus depth of trench. FIG. 10 . Images of vortex shifting in 150-m-wide, 100-nmthick a-MoGe strips with and without a surface step. The corresponding strip cross section is shown to the left of each row of images. Transport current orientation and direction of vortex shift are indicated above images. ͑a͒ Strip with no step cooled in 43 mOe, and no applied transport current. ͑b͒ Strip with no step cooled in 43 mOe, then transport current increased to ϩ0.35 mA (Ϸ2 ϫ10 3 A/cm 2 ), shifting the vortices towards the top edge of the strip. ͑c͒ Strip with no step cooled in 43 mOe, and transport current increased to Ϫ0.35 mA, shifting the vortices towards the bottom edge of the strip. ͑d͒ Strip with a 40-nm step cooled in 43 mOe, and no applied transport current. ͑e͒ Strip with a 40-nm step cooled in 43 mOe, then transport current increased to ϩ0.25 mA (Ϸ2 ϫ10 3 A/cm 2 ), shifting the vortices towards the top edge of the strip, i.e., against the step. ͑f͒ Strip with a 40-nm step cooled in 43 mOe, and transport current increased to Ϫ0.25 mA, shifting the vortices towards the bottom edge of the strip, i.e., away from the step.
cooled vortex distribution in a 150-m-wide, 100-nm-thick a-MoGe strip with a 40-nm surface step and no transport current. This image shows the typical vortex distribution, with a higher density of vortices along the low side of the step and relatively few vortices on the thick side adjacent to the step. As the transport current is increased with the Lorentz force directed against the step, the vortices are compressed into the step, but they do not cross from the thin side of the strip to the thick side, as shown in Fig. 10͑e͒ . Thus the vortex line tension barrier at the step impedes vortex motion up the step. For the opposite current polarity, with the Lorentz force directed away from the step, the vortices depin from the step and move towards the bottom edge of the strip, as shown in Fig. 10͑f͒ . At larger values of applied transport current, the images are complicated by the entry of new vortices into the strip due to the self-field of the transport current at the edges of the strip.
The vortex distributions and dynamics in patterned weakpinning films are influenced dramatically by the presence of etched surface steps. The images of field-cooled vortices near trenches show an enhanced density of vortices pinned along the thin side of the steps and a vortex-free region in the thick portions of the film adjacent to the steps. As noted previously, these distributions are qualitatively similar to those obtained in other vortex imaging studies around naturally occurring surface steps in various superconductors using several different techniques. 8, [11] [12] [13] As a result, we do not believe that the vortex distributions we observe are related to possible damage due to the ion-milling process. This was tested directly by fabricating an a-MoGe square sample in which the entire surface of the square was partially ion milled prior to patterning the trenches. After etching the square shape into the film as described above, the entire surface of the 200-nm-thick square was ion milled down to a thickness of 150 nm. Octagonal trenches were then patterned and ion milled further to a depth of 43 nm. SSM images in the vicinity of the trench displayed the same excess concentration of vortices along the low side of the steps and same vortex-free region adjacent to the step. Thus if the milling caused any surface damage in the thick region away from the trench, it did not noticeably affect the observed vortex distributions.
The distribution of vortices in the vicinity of the trench edges is likely determined by several factors. One significant contribution is the substantial vortex line energy barrier at the steps. For our a-MoGe films, this energy ranges between 4.8ϫ10 3 K and 2.4ϫ10 4 K for the step heights we have fabricated. This barrier prevents the motion of vortices from thin to thick regions across a step. Thus the motion of vortices across a transverse step driven by transport currents is asymmetric. This dynamical mechanism was invoked to explain a similar response observed in Bitter decoration images of vortex creep near surface steps in NbSe 2 crystals. 9 In our experiments, vortices which nucleate in the trenches during the field cooling are inhibited from escaping out of the trench by the line energy barrier. 12 Larger jumps in line energy, corresponding to taller steps, pin vortices more strongly, as shown by the plot of vortex density along the low side of the steps in Fig. 6 . Also the taller steps lead to a stronger ordering of the vortex distribution parallel to the step directions.
However, we do not believe that the line energy effect is by itself sufficient to explain our images. In the first place, we observe the vortex distortion near the step even in samples cooled and imaged in the applied magnetic field. In this case, there should not be forces trying to expel the vortices from the samples, eliminating any dynamical mechanism as the origin of the vortex distributions. Also, the enhanced vortex density in the trenches and the width of the vortex-free regions which we observe are independent of trench depth. One would expect some variation with trench depth if the change in vortex line energy dominated the behavior. It is our view that it is necessary to consider the distortion of screening currents near the step edges and the possibility of surface superconductivity along the edges to develop a full model for the vortex distortion.
The abrupt change in vortex density at the edges of the trenches corresponds to substantial screening currents flowing along the steps. These screening currents repel vortices in the thick region away from the steps, producing the vortexfree regions. This phenomenon was previously analyzed by considering the screening current distributions around a circular hole in a superconducting film for different numbers of vortices trapped in the hole. 24 If a finite quantized flux is trapped in the hole, then the screening current associated with this flux is peaked near the perimeter of the hole. Thus a vortex outside of the hole will be pushed away due to the Lorentz force associated with the screening currents. If more flux is trapped in the cavity, then the current-density peak moves in closer to the perimeter of the cavity. Thus the width of the vortex-free region adjacent to the cavity should decrease for larger cooling magnetic-field strengths, as shown in the measured field dependence plotted in Fig. 5͑a͒ . This field dependence follows a similar trend to that expected for the spacing of the first vortex row from a sample edge based on magnetization screening currents flowing along the sample edge. [25] [26] [27] However, such a treatment does not agree quantitatively with the data of Fig. 5͑a͒ , as the calculation of Ref. 25 does not apply for flux densities less than ⌽ 0 /( 2 /d) 2 Ϸ4 G. A model accounting for the discrete vortex positions at the low fields of our images as well as the influence of the flux in the trench on the screening currents at the steps is required.
The pinning of the vortices at the inside edge of the trench is more difficult to explain. The distribution of the screening current around each vortex should be distorted near the surface steps. The related problem of a vortex near the interface of two superconductors with different penetration depths was first considered in Ref. 28 . The authors calculated the formation of a vortex potential minimum located near the interface, leading to the pinning of a row of vortices along the interface. Such a mechanism could be applied to the a-MoGe square trench samples presented in this work, as the film thickness everywhere is less than the penetration depth of 670 nm. Thus the effective thin-film penetration depth, 2 /d, is indeed different between the thin region in the trench and the thick regions in the rest of the square. However, direct application of this model to the surface step problem predicts a row of vortices pinned along the thick side of the surface step, rather than the high vortex density we observe along the thin side. This may be because the variable penetration depth model does not account for the enhanced vortex density in the trenches which appears to arise during the field-cooling process nor for the screening currents along the edges. We note that we were unable to compare the field-cooled vortex distributions with images of vortices which enter the sample after ramping up the magnetic field from a zero-field-cooled state, as the entry fields were too large for the operation of the SSM.
A similar increase in vortex density in surface depressions was observed in Bitter decoration imaging experiments. 10 In this work, the authors imaged field-cooled vortex distributions around small (р2.2 m in radius͒ circular surface depressions in Nb films. The vortices were compressed into the thinner depressions up to a density which was considerably larger than that in the rest of the film away from the depressions. Also, the vortices were located primarily around the inside of the perimeter, i.e., at the low side of the surface steps. In addition, the observed compression was essentially independent of the depth of the depression. Bezryadin et al. 10 proposed that the increased vortex density in the depressions was caused by a surface superconducting state which developed along the face of the perimeter of the depressions. As the sample was cooled from above T c in a magnetic field, the faces of the surface steps which are parallel to the field could become superconducting at a slightly higher temperature than the rest of the sample due to the surface superconductivity phenomenon. Thus there could be a narrow temperature interval below the temperature at which the faces of the steps become superconducting, T(H c3 ), and above the T c of the rest of the sample. The requirement of continuity of the surface superconducting order parameter around the perimeter of the depression would cause the compression of flux into the region, with a stepwise increase as more loops are added to the order parameter. As the temperature is lowered through T c , the flux compression results in a higher vortex density in the depression. A theoretical treatment of this behavior indicated that the amount of flux compression would be independent of the height of the surface steps, as long as the step height remained finite. 10 Although this picture accounts for some of the qualitative features of our images, it is highly unlikely that a single continuous surface superconducting order parameter would exist along the face of the entire perimeter of each of the trenches in the square samples we have imaged, as this would cover a length on the order of 1 cm. Instead, any surface superconducting state would probably be broken into patches by defects along the length of the steps. Thus the flux could still be compressed into the trenches during the cooling process due to the distortion of the magnetic-field lines by the superconducting patches for temperatures between T(H c3 ) and T c . In the future, experiments are planned to test this theory by coating the samples with a blanket layer of a normal metal. The different boundary conditions at the superconductor/normal interface should prevent the formation of any surface superconducting state.
Careful counting of the vortices in our a-MoGe sample indicates that the substantial increase in the number of vortices in the trenches appears to outweigh the decrease in vortex density away from the trench regions and, in particular, the vortex-free areas adjacent to the steps. Such an enhancement of the vortex density is reminiscent of the paramagnetic Meissner effect ͑PME͒ observed in various superconductors cooled in small magnetic fields. 29, 30 Studies of the PME in Nb disks have a strong dependence on surface damage. 31 Samples with clean surfaces exhibited a conventional diamagnetic response during field cooling, while disks with damaged surfaces developed a paramagnetic response. In order to investigate the possibility of a PME due to the surface steps in our samples, further imaging is needed, using smaller film patterns which fit within one SSM scan window, thus simplifying the vortex counting. Additionally, imaging experiments will be performed with samples containing different trench patterns, including trenches which cross the sample edge.
In summary, our studies of the vortex distributions in patterned weak-pinning thin films show a strong influence from surface steps. The images of clearly resolved vortices are made possible by the excellent flux sensitivity and good spatial resolution of the SSM. For low magnetic fields, the surface steps substantially distort the field-cooled vortex distributions. We have also observed the effects of the line energy barrier at a step in the asymmetric response of vortices near a step to an applied Lorentz force. Using the strong pinning of surface steps, it may be possible to control vortex distributions in thin films at the mesoscopic level with patterned trenches. The substantial vortex density enhancement we observe in the trenches may be related to the PME, although further measurements are required to confirm this.
